A scheme based on treating uniform singlet-pair and triplet-pair interactions is suggested to extrapolate electron correlation energy of ammonia, calculated at two basis-set levels of ab initio theory in the infinite one-electron basis-set limit. The dual-level method is tested on the extrapolation of the full correlation in coupled-cluster singles and doubles and in the case also a noniterative perturbative correction for connected triple energies for the C 3v and D 3h structures of ammonia, with correlation-consistent basis sets of the type cc-pVXZ (X = D, T, Q, 5, 6) and aug-cc-pVXZ (X = D, T, Q, 5). 
Introduction
Ammonia is a challenging molecule for both the experimental spectroscopist and the theoretical spectroscopist. Of course the principle interest arises from its two distinct C 3v minima connected by a D 3h transition state. [1] A wealth of empirical and theoretical data are available for the inversion barrier. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] The value generally accepted for the inversion barrier is 1885 cm −1 as reported bySpirko et al., [5] who fitted the inversional experimental data [29] using their model Hamiltonian. This can be compared with the work by East and Radon who have recently published the value 1821(30) cm −1 with ab initio methods by investigating systematically the effect of diffuse functions on nitrogen and of core correlation in Mφ ller Plesset techniques. [6] The highest quality ab initio results for the equilibrium inversion barrier of NH 3 have been obtained by Császár, Allen and Schaefer, [6] using the focalpoint technique. These authors determined B e = 1810 cm −1 for the barrier at the extrapolated nonrelativistic valence-only level.
An accurete potential energy surface (PES) is suitable for dynamics and kinetics studies. [21] [22] [23] [24] Recently, Li and Varandas [25] reported a double many-body expansion by fitting the dense grid of ab initio points close to the equilibrium geometry and D 3h saddle point. However, the DMBE inversion barrier predicted is 199.5 cm −1 larger than the empirical value of 1834 cm −1 deduced from experimental data bySpirko et al. [20] This may be due to the fact that the DMBE PES of ammonia was employed at the multi-reference configuration interaction (MRCI) level with the AVTZ basis set, which is not accurate enough for obtaining an accurate inversion barrier. This situation prompts us to find an appropriate extrapolation scheme of extrapolating the ab initio energies of ammonia for obtaining the accurate corresponding inverse barrier. Of special interest for this work are the full correlation in coupled-cluster singles and doubles (CCSD), also a noniterative perturbative correction for connected triple excitations [CCSD(T)] energies for the C 3v and D 3h structures and the inversion barrier of ammonia with correlation-consistent basis sets of the type cc-pVXZ (VXZ) (X = D, T, Q, 5, 6) and augcc-pVXZ (AVXZ) (X = D, T, Q, 5) reported by Klopper. [13] We choose here the former for testing purposes, as the set of reference energies has been taken from Ref. [13] . Note that we do not decompose the energy into singlet-pair and triplet-pair contributions for the following reasons, as reported by Varandas. [26] First, such a requirement is not necessary for accurate results. Second, because such a decomposition scheme cannot be implemented for open-shell CCSD calcu-CCSD(T) electronic energy is then best treated in split form by writing
where the subscript X indicates that the energy is calculated in the VXZ or AVXZ basis, while the superscripts CAS and dc denote the complete-active-space and dynamical correlation energies, respectively. A similar partition is applied to single reference calculations, with CAS replaced by the HartreeFock energy and dc replaced by the full correlation.
To extrapolate the CAS energy, a proposed [26] generalization of the protocol adopted by Karton and Martin [35] (KM) to extrapolate single-reference self-consistent-field energies is utilized
where α is a predefined constant. As a two-parameter protocol (E CAS ∞ , B), a minimum of two raw energies will be required for the extrapolation. Specifically, equation (2) will be calibrated from the CAS/AVXZ energy pairs, using a value of α = 5.34, which has been found to be optimal when extrapolating HF energies to the HF limit.
For the extrapolation of the correlation energy, the simplest and most popular two-parameter law for extrapolation of the correlation energy is [26, [36] [37] [38] [39] [40] 
where E cor X is the correlation energy obtained with the X-tuple basis set of (aug)cc quality, E cor ∞ and A 3 are parameters usually determined from the calculations for the two highest affordable values of X, while α is an offset parameter fixed from some auxiliary condition. Although equation (3) is known to perform accurately when being extrapolated from energies based on large cardinal number pairs, its performance is significantly less satisfactory when the pair of (T, Q) is used.
A more reliable scheme is the recently suggested uniform singlet-pair and triplet-pair extrapolation (USTE) [26] model. This has its basis on the three-parameter protocol, i.e.,
With n = 5 and α = −3/8, i.e. the auxiliary relation is assumed to be in the form of
where A (2) and (4) to extrapolate the MRCI(Q)/AV(T, Q)Z ab initio energies and successfully obtain a DMBE/CBS PES for the first [41] and second [42] excited states of NH 2 .
Results and discussion
As the set of reference energies of ammonia has been taken from Ref. [13] , the dual-level method is tested on extrap- Ref. [13] ). The calculated and extrapolated energies of the C 3v and D 3h structures and the corresponding inversion barriers are collected in Tables 1-4 . We now address the extrapolated inversion barriers obtained from fitting the CCSD and CCSD(T) energies. From Tables 1-4 and Fig. 3 , it follows that our extrapolation scheme attains the same accuracy as the traditional one based on Eq. (3) when the two largest affordable basis sets are used. This reveals that the convergence to the exact value will be expected when the USTE scheme utilizes the increasing pairs of cardinal numbers for the extrapolation. By correspondingly fitting the RHF/AVXZ energies for X = 4, 5, we obtain an inversion barrier of 1615.33 cm −1 with Eq. (2), which is in good agreement with the results of 1613/1614 cm −1 from VXZ (X = 4, 5, 6)/AVXZ (X = 3, 4, 5) of Klopper's RHF inversion barrier prediction. [13] While, by correspondingly fitting the CCSD/AVXZ energies for X = 4, 5, we obtain extrapolated inversion barriers of 1792.17 cm −1 /1790.63 cm −1 with Eq. (3)/Eq. (4), which are in good agreement with the result of 1791 cm −1 from Klopper's CCSD inversion barrier prediction [13] on the average value of the extrapolated CCSD(FC)/cc-pV(56)Z, extrapolated CCSD(FC)/aug-cc-pV(Q5)Z and CCSD(FC)-R12/B pair energies. By correspondingly fitting the CCSD(T)/AVXZ energies for X = 4, 5, we obtain extrapolated inversion barriers of 1833.87 cm −1 /1832.33 cm −1 with Eq. (3)/Eq. (4), in good agreement with 1831 cm −1 , which is Klopper's [13] best estimate of the CCSD(T) inversion barrier, and in very good agreement with the empirical value of 1834 cm −1 , deduced from experimental data bySpirko et al. [20] This suggests that the CBS scheme can be used to fit more accurate global DMBE PES for the ground state of ammonia. and CCSD[T]-R12/B results in Ref. [13] ; b) the dc energies extrapolated using Eq. (3), which indicate the X −3 results; c) the dc energies extrapolated using Eq. (4), which indicate USTE results; d) the experimental value bySpirko et al. [20] 023301-3 a Extrapolated CAS energies using Eqs. (6) and (7) in Ref. [13] by Klopper et al.
b Extrapolated dc energies using Eq. (8) in Ref. [13] by Klopper et al. 
Conclusions
We have extrapolated the CCSD and CCSD(T) energies for the C 3v and D 3h structures of ammonia to the complete one-electron basis-set limit, with correlation-consistent basis sets of the type cc-pVXZ (X = D, T, Q, 5, 6) and aug-cc-pVXZ (X = D, T, Q, 5). The KM protocol is employed to extrapolate the CAS energies; our inversion barrier is obtained by fitting the RHF/AVXZ energies for the two cardinal numbers, which accords well with the extrapolating inversion barrier of ammonia using the three largest sets given by Klopper et al. While the USTE is used to extrapolate the correlation energy, the results are found to compare favorably with those obtained from traditional schemes. As a result, our extrapolating inversion barrier of ammonia obtained by fitting the CCSD(T) energies for X = 4, 5 agrees well with Klopper's theoretical result and other experimental results. Thus, in order to obtain the accurate inversion barrier, we expect to improve our global DMBE PES for the ground state of ammonia obtained by the CCSD(T) ab initio energies in future work.
